Binding of alkaloids by different hosts (native and modified cyclodextrins, cucurbiturils, calixarenes, and metal complexes of porphyrin and Salphen-type ligands), as well as receptor properties of alkaloid based hosts are reviewed. With alkaloids as guests, the largest binding constants and most significant spectral changes, in particular strong fluorescence enhancements induced by complexation with isoquinoline alkaloids, are observed with cucurbituril hosts. Cyclodextrins are successfully employed for improvement of solubility and for chiral separation of alkaloids of different types. Receptor properties of native and modified cinchona and bisbenzylisoquinoline alkaloids have attracted considerable attention for development of chiral selectors for analysis and separation.
Alkaloids are a group of natural compounds of enormous chemical diversity and variable biological activity extensively employed for drug screening. From the point of view of molecular recognition, perhaps the most important property of alkaloids is their chirality. They have been used for chiral separations for many years. Already in 1853, Pasteur achieved the resolution of isomers of tartaric acid by precipitation of their salts with cinchona alkaloids, which, until now, have been among the most popular chiral building blocks for preparation of chiral catalysts and reactants. Currently, studies of host-guest complexes with alkaloids as guests are undertaken for development and/or improvement of analytical procedures for their determination and for improvement of their solubility and bioavailability. Using modified alkaloids as hosts is a newly developed approach to receptors capable of chiral resolution. A special type of host-guest interactions, which has recently attracted much attention, is the use of alkaloids for molecular recognition of biopolymers (RNA, DNA proteins). This review summarizes the results of studies of alkaloids as both guest and host compounds and covers the literature of the last decade. The emphasis is given to thermodynamics of complexation and to selectivity of molecular recognition.
Logarithms of association constants for binding of alkaloids as guests ( Figure 1 ) by different types of host compounds ( Figure 2 ) are collected in Table 1 . Binding of cinchona alkaloids by unmodified and O-methylated and -cyclodextrins, as well as by a dimeric organoselenium-bridged bis(-cyclodextrin), was studied with the purpose of improving the low solubility of these alkaloids and exploring the potential of cyclodextrins as carriers of these compounds in biological systems [1, 2] . The solubility improvement by approximately one order of magnitude was demonstrated and the inclusion process was characterized by spectroscopic techniques. Unmodified cyclodextrins quenched the fluorescence of alkaloids (excitation at 329 nm, emission at 387 nm), but methylated cyclodextrins induced an increase in fluorescence intensity. Both quenching and enhancement effects were rather small (by ca. 10%). The quenching effect of the dimeric host was by ca. 50% and was accompanied by the shift of emission maximum to 402 nm. These effects were employed for determination of stability constants of inclusion complexes by fluorometric titrations ( Table 1 , lines 1-30).
Binding constants were determined at two pH values, 7.2 and 1.5, where alkaloids are mono-and diprotonated respectively (first and second pK a values for cinchona alkaloids are 8.4 and 4.2, respectively, with very small variation for different compounds [20] ). Surprisingly, complexes with more hydrophilic diprotonated forms were significantly more stable than complexes with monocations of alkaloids. This allows the achievement of a pHcontrolled release of a guest encapsulated at low pH by rising pH to neutrality. The effect was attributed to increased hydrogen bonding of the doubly protonated form with cyclodextrins. In connection with this, it should be noted that cinchona alkaloids may adopt different conformations depending on protonation and medium [21] , which may have significant effects on their guest properties.
A very unusual observation is the strong dependence of binding constants on methylation. Thus cinchonine does not form an inclusion complex with dimethylated -cyclodextrin, but forms complexes with unmodified and trimethylated derivatives (see lines 1, 4 and 5 in Table 1 ). This effect is absent for cinchonidine, however. For quinine, no binding is observed with unmodified and trimethylated derivatives, but for quinidine, only with unmodified -cyclodextrin (Table 1 , lines 18-20 and 25) . These effects are difficult to interpret. One cannot exclude a possibility that the "absence of binding" may be observed because of too small a spectral change induced by complexation, which seems quite possible taking into account the generally small changes in fluorescence intensity used in titration experiments (see above). For these cases, measurements of binding constants by other techniques would be helpful.
The mode of inclusion was studied by 2D NMR spectroscopy. The observation of NOEs between protons of internal CH groups of cyclodextrins and guest protons confirmed the inclusion of alkaloids. There was no single mode of inclusion however, but it was proposed that there were several coexisted in fast equilibrium complexes with different moieties of guest molecules included inside the host cavity. In acid medium employed for measurements, all alkaloids are protonated cationic species. This reduces their affinity to neutral receptors and makes the binding most efficient with anionic sulfobutyl-cyclodextrins. Indeed, binding constants determined for neutral vinpocetine by solubility measurements [4, 5] are larger with neutral hosts, but smaller with anionic sulfobutyl--cyclodextrin (Table 1 , lines 73-75). Empirically, for each alkaloid one can find a suitable chiral selector, but there is no general pattern in binding selectivity, which does not correlate with affinity, as is observed in many supramolecular systems [22] , or with any molecular property of host molecules. It should be noted also that separation O of enantiomers by CE does not necessarily require a difference in enantiomer binding constants, but can be achieved as a result of different mobilities of complexed enantiomers.
Vinpocetine was found to have increased solubility and bioavailability in the presence of citric acid together with hydroxypropyl--cyclodextrin, when compared with the host alone [5] . The effect was attributed to formation of a ternary alkaloidcyclodextrin -citric acid complex. Ternary complex formation of vinpocetine and tartaric acid, as well as some soluble polymers (hydroxypropylmethylcellulose and polyvinylpyrrolidone) with -cyclodextrin and sulfobutyl--cyclodextrin was studied by solubility measurements and two-dimensional NMR [4] . It was concluded that the alkaloid occupied the internal cavity of the host and the third component interacted with polar groups of the included guest and cyclodextrin outside the cavity.
There is much current interest in interaction of isoquinoline alkaloids with DNA and RNA in connection with their numerous therapeutic applications. The subject has been extensively reviewed [23] . For recent studies on thermodynamics of interaction between isoquinoline alkaloids and nucleic acids see [24] . Here we shall discuss interactions of this group of alkaloids with macrocyclic hosts.
Berberine forms a very stable complex with cucurbit [7] uril in water ( Table 1 , line 76), accompanied by a 500-fold increase in the fluorescence intensity of the alkaloid [6] . Molecular modelling predicts a partial inclusion of the guest into the host cavity with the dimethoxyisoquinolinium moiety inside the cavity and the ammonium centre located near the host carbonyl groups, as shown in Figure 3 . This structure was confirmed by 1 low polar microenvironment of the host interior. This sensitivity of the berberine fluorescence to the medium was previously used for testing micelle formation by bile salts [25] . The complex stability and the fluorescence intensity are significantly reduced by added salts ( Table 1 , line 77). The effect is similar for salts with different anions (chloride, iodide, phosphate) and was attributed to interaction of the host with sodium cations. Also, the effect of 1butyl-3-methylimidazolium chloride, a salt employed as ionic liquid, on the fluorescence of berberine complex was studied. The quenching effect was found to be much more significant than with NaCl and was attributed to a ternary complex formation between cucurbit [7] uril, berberine and 1-butyl-3-methylimidazolium cation. The host-induced fluorescence provides a way for fluorometric detection of berberine with high sensitivity.
Smaller binding constants were reported for berberine interaction with anionic calixarenes [7] and even smaller for interaction with cyclodextrins [8] ( Table 1 , lines 78-85). With calixarenes, the affinity gradually decreased for hosts with smaller cavity sizes and was independent of pH. The latter observation is interpreted as evidence that electrostatic attraction is not essential for the binding because an increase in pH induces deprotonation of phenolic OH groups of the host. However, if inclusion of berberine in acid or neutral solutions is accompanied by a 40-fold increase in fluorescence, in strongly basic media, when all phenolic groups are deprotonated, the fluorescence is completely quenched by complexation. With cyclodextrins as hosts, the affinity to berberine is also larger for a host of larger size. The fluorescence enhancement is about 10-fold. For the bereberine interaction with -CD the thermodynamic parameters H = -33.7 kJ/mol and S = 74.3 J/mol K were also determined.
Interactions with cucurbiturils of two alkaloids related to berberine, coptisine and sanguinarine, were studied with the purpose to develop fluorometric methods of detection of these compounds in biological samples [9, 10] . The binding constants of both alkaloids in acid aqueous medium were essentially independent of the cucurbituril size and in both cases the largest fluorescence enhancements (70-fold for coptisine and 20-fold for sanguinarine) were observed with cucurbit [7] uril.
Interaction of sanguinarine with cucurbit [7] uril was studied in more detail [11] . Analysis of 1 H NMR spectra obtained at different molar host:guest ratios revealed formation of two types of complexes: weak non-specific associates, which are in fast equilibrium with free molecules, and slowly formed in NMR time scale inclusion complexes of 1:1 and 1:2 guest:host stoichiometries ( Figure 4 ). The [7] uril. [11] inclusion mode of sanguinarine in the 1:1 complex deduced also from NMR study resembles that established for berberine (compare Figures 3 and 4 ). The first association constant is very large and exceeds by ca. 1000 times the second one ( Table 1 , line 94).
Complexation-induced changes in the absorption spectrum of sanguinarine are small, but the fluorescence intensity increases by 20 times with a concomitant shift in the emission maximum from 604 to 556 nm. The excited-state lifetime increases from 2.3 ns for the free alkaloid to 17.5 ns for the bound one.
An interesting aspect of the inclusion complexation is a strong suppression of the nucleophilic addition of hydroxide anion to the alkaloid cation (Scheme 1). In aqueous solution of free sanguinarine the transition of cation to the neutral alkanolamine occurs with an apparent pK a value of 7.14, which increases to 10.83 for the cucurbituril complex. The effect is attributed to the protection by inclusion of the position adjacent to the NMe + group in the alkaloid molecule. Finally, complexation of sanguinarine with cucurbit [7] uril was found to protect the alkaloid from photooxidation. Inclusion of palmatine and dehydrocorydaline into cucurbit [7] uril induces very strong fluorescence enhancements [12] . These alkaloids are practically non-fluorescent in water, but already in the presence of 0.1 mM cucurbit [7] uril they have a strong green fluorescence. Interactions of both alkaloids with -cyclodextrin possessing the cavity of a size similar to cucurbit [7] uril are much weaker ( Table 1 , lines 96 and 98) and do not induce any fluorescence enhancement. The binding constants of both alkaloids to cucurbit [7] uril are strongly reduced in the presence of 0.4 M chlorides of alkali metals, apparently because of association of metal ions with cucurbituril (see above).
In contrast to the above described examples of fluorescence enhancement upon inclusion of isoquinolinium alkaloids in various hosts, binding of coralyne to 4-sulfonatocalix[n]arenes (n=4, 6, 8) is accompanied by fluorescence quenching [13] . The interaction was studied at pH 2, when calixarenes are polyanions due to complete Yatsimirsky dissociation of sulfonate groups, but all phenolic OH groups remain non-dissociated. Besides highly stable 1:1 complexes (Table 1 , lines 99, 100), formation of complexes of higher stoichiometries was observed with a number of bound coralyne cations up to n for each calixarene. The proposed quenching mechanism involves the electron transfer from calixarene to the excited state of the alkaloid. This was confirmed by observation of quenching by the 4hydroxybenzenesulfonate anion, a monomeric unit of calixarenes, which cannot form an inclusion complex. Binding of palmatine and l-tetrahydropalmatine to the same hosts leads to fluorescence enhancement for the former, but quenching for the latter [14] .
Interaction of the -carboline alkaloids harmane and harmine with cyclodextrins was studied for analytical purposes [15] . Inclusion of guests induced fluorescence enhancement and this effect was employed for the binding constants determination. The binding constants are in the range 10 2 -10 3 M -1 ( Table 1 , lines 121-128), typical for guests of this size and chemical structure like indoles and pyridines [26] , and show little dependence on the host modification.
Inclusion of a norditerpenoid alkaloid, crassicauline A, into -cyclodextrin was studied with the aim of improving its solubility and stability [16] . In spite of a rather modest binding constant ( Table 1 , line 115), a 20-fold increase in solubility of the alkaloid can be achieved by encapsulation into the host.
A 'two-point' metalloporphyrin based fluorescent chemosensor for selective detection of nicotine and cotinine in toluene solution was reported using meso-tetraphenylporphyrinatozinc [(TPP)Zn] appended with a carboxyl group (Figure 2, 1a ) [17] . NMR studies revealed that the principal host-guest interaction is the metal coordination of the pyridine nitrogen of the alkaloid. The parent (TPP)Zn and derivatives bearing ester or amide groups (1b, 1c) have similar affinity to both alkaloids, but 1a is capable of additional hydrogen bonding between the receptor carboxyl group and pyrrolidine nitrogen of nicotine and forms a much more stable complex ( Table 1 , lines 116-123). Additions of alkaloids quench the intense fluorescence of 1a and the quantitative determination of alkaloids is possible by measuring the ratio of fluorescence intensities at 604 and 650 nm.
Zinc salphen complexes 2 and 3 ( Figure 2 ) serve as highly sensitive colorimetric sensors for nicotine type alkaloids [18] . Strong, but non-selective binding ( Table 1 , lines 124-129) is observed in toluene with formation of 1:2 complexes in several cases. The complexation induced colour change is easily detectable by the naked eye. The complexes with nicotine in which the alkaloid is coordinated to the Zn(II) cation via the pyridine nitrogen atom were characterized by X-ray crystal structures.
An indicator-displacement fluorometric method for the sensitive determination of nicotine in water (detection limit 0.05 g/mL) was developed based on the formation of its inclusion complex with cucurbit [7] uril (Table 1 , line 130), and employing methylene blue as a fluorescent indicator [19] . Cucurbit [7] uril forms an inclusion complex with methylene blue with an association constant of 4.2×10 4 M -1 , and the complexation induces an approximate 6-fold increase in the guest fluorescence, which returns to its initial level on displacement with added nicotine.
Fluorescence sensing of atropine and cocaine (Figure 1 ) in acetonitrile was studied with dansyl labeled calix [6] arene 4, but no binding constants were reported [27] . Interestingly, in spite of close similarity in chemical structures of these alkaloids, only atropine induces changes in the receptor fluorescence, shifting the emission maximum from 525 nm to 470 nm with a 20-fold increase in fluorescence intensity at 450 nm. The alkaloids compete with each other for the binding site of the host.
Alkaloids are traditionally used for chiral separations and as chiral building blocks for preparation of chiral catalysts and reactants [28] . Particularly important are cinchona alkaloids extracted from the bark of Cinchona ledgeriana in very large amounts, up to 700 metric tons annually. The antimalarial property of cinchona bark has been known since the 17 th century and still its active component, quinine, is used as an antimalarial drug and muscle relaxant, as well as a bitter additive in foods and beverages. The chiral discrimination ability of cinchona alkaloids actually is based on their host properties, which, however, were not studied in detail until recently.
Binding of model chiral compounds R-and S-5 and achiral reference guest 6 to quinidine, quinine and their carbamates 7 and 8 ( Figure 5 ) was studied by spectroscopic and calorimetric titrations in MeOH [29] . The results are summarized in Table 2 . Perhaps, the most unexpected result is that unsubstituted alkaloids do not discriminate enantiomers of 5, but their carbamates bind the enantiomers with a large 10-fold difference in the association constants. The crystal structure of the solid state complex between S-5 and 8 ( Figure 5) [30] indicates a strong steric interaction between the tert-butyl fragment of the carbamate group of the receptor and the side isobutyl group of leucine, as well as hydrogen bonding between the leucine NH donor and carbamate carbonyl group. Two other binding interactions involve ionic hydrogen bonds inside the salt bridge between the carboxylate group of the amino acid and the ammonium group of 8 obtained by proton transfer to the quinuclidine nitrogen and - stacking interaction between the dinitrobenzoyl group of 5 and the quinoline group of 8. Complexes with unsubstituted alkaloids are more stable than those with carbamates for all guests studied, including the glycine derivative 6, which lacks the isobutyl group ( principal contribution of interactions with the carbamate moiety. A related chiral extractant (9) , prepared from quinine, extracts 5 into CH 2 Cl 2 with a discrimination factor of 0.19 [31] . The association constants of 9 with S-5 and R-5 in the dichloromethane phase are 9.3×10 4 and 2.7×10 4 M -1 , respectively. In an extension of this approach, a series of host compounds of type 9, with different cinchona alkaloids and different terminal groups in the carbamate moiety, was prepared and employed for enantioseparation of dinitrobenzoyl amino acids by membrane transport with the use of centrifugal contact separators [32] . Although the separation efficiency was not very high, with the best enantiomeric excess of 80%, the concept is important because of the possibility of large scale application of this technique.
Further development of cinchona carbamate hosts for enantioseparation of N-acylated amino acids involved synthesis of a calix [4] arene-cinchona carbamate 10 derived from quinine or its corresponding C9-epimer attached to a HPLC stationary phase by interaction with mercaptopropyl functionalized silica [33] .
10
The receptors display complementary enantiomer separation profiles in terms of elution order and chiral substrate specificity. Thus, the quinine-derived receptor binds the (S)-enantiomers of N-acylated amino acids more tightly, while the C9-epimer congener preferentially recognizes the corresponding (R)-enantiomers. However, a comparison of the enantiomer separation profiles with those of the corresponding stationary phases prepared from similar receptors lacking the calixarene moiety (with tert-butyl group in carbamate moiety instead of calixarene) indicates no significant contribution from the macrocycle.
Enantiomer separation of N-protected peptides 11-13 was studied with the chiral selector 14 [34] , Scheme 2.
The peptide analytes 11-13 had either an all-R or all-S configuration. The enantioselectivity towards dipeptide 12 was high and essentially the same as that towards amino acid 11. However, with the tripeptide 13 a strong decrease in enantioselectivity occurred. Detailed NMR study of the complex formation of 11-13 with a soluble form of the chiral selector, as well as molecular dynamic simulations, indicated that the major problem with 13 is too long a distance between the N-acyl and carboxyl groups, which does not allow formation of all binding contacts between host and guest molecules depicted in Figure 5 .
Besides application in separation and chromatography, carbamate derivatives of cinchona alkaloids were successfully employed as chiral solvating agents for NMR spectroscopy [35] [36] [37] [38] [39] [40] . It was demonstrated that derivatization at C11 (terminal methylene of the vinyl group) instead of C9 hydroxyl employed in the above discussed hosts leads to more efficient enantiodiscrimination [35] .
Thus the C11 carbamate 15 shows significantly larger unequivalences induced in the enantiomeric mixtures of substrates than the C9 carbamate 16. In addition, 15 is a more versatile reagent applicable for a wide range of chemically different substrates (acids, amino acids, alcohols, amines) and its efficiency is independent of the absolute configuration of the additional stereogenic center, in contrast to C9 carbamates. To obtain further insight on the significance of derivatization position, recently a receptor 17, with a differently modified vinyl group, at C10 instead of C11, was prepared and compared with the respective C9 carbamate 18 [40] . The efficiency of 17 appeared to be lower than that of 18 and even than that of the parent non-substituted alkaloid. This result indicates that the co-operative action of different molecular fragments of the receptor in the molecular recognition of a substrate is sensitive to very fine details of spatial organization of the receptor.
Cinchona based cationic, mostly ammonium, derivatives have been used since a long time ago as chiral phase-transfer catalysts [28] . Recently cinchona modified calixarenes 19 were prepared and employed for the phase-transfer alkylation of N-(diphenylmethylene)glycine ethyl ester with benzyl bromide [41] . The highest enantioselectivity with enantiomeric excess of about 60% was observed with 19 and n = 1.
Cinchona based bifunctional hosts of structures shown in Scheme 3 can discriminate mono-and dicarboxylic acids in chloroform/methanol (2/1) by the complexation induced conformational change [42] . Both hosts exist in solution as a mixture of syn and anti conformers in equal 50% proportions. Additions of monocarboxylic acids (benzoic, trifluoroacetic) induce the transformation of the host into 100% anti conformer, but additions of dicarboxylic acids (succinic, malic tartaric) have the opposite effect, inducing 100% of the syn conformer, as illustrated in Figure 6 .
A series of cinchona alkaloids has been employed as templates for the preparation of in situ molecularly imprinted polymer rods for use as liquid chromatographic chiral stationary phases [43] . The preferable retention of the alkaloid employed as a template was demonstrated.
Bisbenzylisoquinoline alkaloids form a large group (>150) of naturally occurring compounds in which two benzylisoquinoline moieties are joined by up to three ether links [44] . Many of them have macrocyclic cyclophane-type structures, which makes them potentially capable to form inclusion compounds with small guests. In addition, they have several stereogenic centers and may be useful for chiral recognition. Two alkaloids of this type, d-(+)-tubocurarine (20) and tetrandrine (22) (Figure 7) , the latter in chemically modified forms, have been studied as anion receptors.
d-Tubocurarine 20, is obtained from the bark of the South American plant Chondodendron tomentosum. For the first time it was isolated from an old specimen of tube curare stored in the British Museum in 1935, hence the name tubocurarine [45] . It is a competitive antagonist of nicotinic neuromuscular acetylcholine receptors and it works either as a neuromuscular blocking drug or skeletal muscle relaxant. Since 1942 it was used as an anesthetic adjunct but later was substituted with more safe drugs.
d-Tubocurarine has three ionogenic groups with pK a values of 7.6; 8.1-8.65, and 9.1-9.65. The protonation sites were not strictly assigned, but since tetrahydroisoquinoline has a pK a of 9.41 it seems that the two lower pK a values belong to phenolic groups and the last pK a to the protonated nitrogen of the tetrahydroisoquinoline moiety. Thus, at pH below 7, tubocurarine is a dication and at a pH of about 9 it is a neutral zwitterion (Figure 7, structure 21) . In the dicationic form, d-tubocurarine efficiently binds dianions of dicarboxylic acids (logK = 2.8 for terephthalate and 2.4 for malonate dianions) and shows significant enantioselectivity in the binding of anions of N-acylated amino acids (Table 3 ) [46] . Affinity of anions to the neutral zwitterionic form 21 is expectedly much lower, and for N-Ac-Phe, which still shows a noticeable affinity, the enantioselectivity is inverted (Table 3 ) [47] . The zwitterion is an efficient catalyst for the hydrolysis of p-nitrophenyl carboxylates, which involves the nucleophilic attack of the deprotonated phenol hydroxyls on the ester group of the substrate, with a small kinetic enantioselectivity in the cleavage of esters of N-protected phenylalanine. Tubocurarine was used as a chiral selector for the separation of optical isomers of a series of organic carboxylates (amethopterin, ketoprofen, N-protected amino acids) using capillary electrophoresis in the pH range 5-7 [48] . In several cases R S values of about 2 were observed, but there was no clear correlation between structures of analytes and efficiency of chiral resolution.
Tetrandrine (22, Figure 7) , isolated from the root of the plant Stephania tetrandra, has a number of medicinal properties. These include blockage of Ca 2+ channels, anti-inflammatory and anticancer activities, and stimulation of prostaglandin production by macrophages. It also induces apoptosis in many cell types, including human leukemic (U937), human lung carcinoma (A549) and human hepatoblastoma (HEPG2).
The protonated form of tetrandrine has pK a values 6.33 and 9.6, which means that it exists as a dication only in acid medium; however, the molecule can be easily converted into a dication by quaternization of both nitrogen atoms. Bisbenzylated tetrandrine 23 ( Figure 7 ) was employed as a receptor for carboxylate and phosphate anions [49, 50] . The dication 23 undergoes dimerization with the association constant K= 34 M -1 in 0.1 M NaCl. In the complexation of ,-dicarboxylates, a peak selectivity for succinate (K= 58 M -1 ) is observed. Binding of N-acetyl amino acid anions and free amino acids as anions at high pH values shows generally modest enantioselectivity with the exception of N-acetyl-alanine (Table 3 ). On the basis of detailed NMR studies it was demonstrated that these guests interact with 23, preferably from one side of the macrocycle, as shown in Figure 8 .
Yatsimirsky
Further development of this type of anion receptors was the synthesis of anthraquinone and acridine derivatives 24 and 25 (Figure 7) as possible electro-active and fluorescent receptors, respectively [51] . Compared with 23, the anthraquinone receptor has significantly improved binding properties towards nucleotides (Table 3 ) and also binds much more strongly and with larger enantioselectivity the anionic form of phenylalanine (Table 3) . These effects can be attributed to stronger stacking and/or hydrophobic interactions of guests with anthraquinone groups as compared with the smaller benzyl groups of 23. The mercapto derivative 26 was employed for enantioselective cleavage of p-nitrophenyl esters of amino acids [52] . Cleavage of p-nitrophenyl acetate by the deprotonated form of this macrocycle proceeds with a rate constant expected for a simple thiol anion of similar basicity, but the reactivity toward p-nitrophenyl esters of N-protected amino acids is one order of magnitude higher than expected. The rateconcentration profiles indicate self-association of the macrocycle with formation of dimeric species with an estimated dimerization constant K D =17000 M -1 . The increased reactivity is attributed to a pre-association of voluminous hydrophobic amino acid substrates with a dimeric form of the macrocycle, which shows a small enantioselectivity in favor of the L-amino acid ester (k D /k L =0.8). Ester cleavage by the monomeric form of the macrocycle proceeds more slowly, but shows higher and inverted enantioselectivity (k D /k L =3.4).
Unsubstitute tatrandrine binds alkaline earth cations in MeCN and THF with logK values in the range 3.5-5.5 depending on the solvent and counter-ion [53] . No interaction with alkali cations was detected.
In conclusion, the host-guest chemistry of alkaloids is developed in two main directions: studies of inclusion complexes of alkaloids as guests and the use of chemically modified alkaloids as hosts. In the first area, one observes the tightest binding of alkaloids, often accompanied by strong fluorescence enhancements on inclusion in cucurbiturils. This probably is related to the fact that cucurbiturils are selective binders for organic cations and alkaloids due to their basic character, and are typically protonated and, therefore, cationic in neutral solutions. In the second area, perhaps the most important observation is that the recognition properties of cinchona based alkaloids are strongly dependent on their chemical modification and the chiral discrimination in solution actually needs the alkaloid to be modified with an additional interaction site. At first glance this contradicts the well known high efficiency of chiral separations achieved by co-crystallization with cinchona cations, but in the solid state even very weak interactions may be efficient due to restriction of thermal motion, while binding in solution requires stronger intermolecular forces to be involved [54] .
